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Abstract A combined theoretical/experimental approach accurately quantifying
post-necking hardening phenomena in ductile sheet materials that initially exhibit
diffuse necking in tension is presented. The method is based on the minimiza-
tion of the discrepancy between the internal and the external work in the necking
zone during a quasi-static tensile test. The main focus of this paper is on the
experimental validation of the method using an independent material test. For
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this purpose, the uniaxial tube expansion test is used to obtain uniaxial strain
hardening behavior beyond the point of maximum uniform strain in a tensile test.
The proposed method is used to identify the post-necking hardening behavior of a
cold rolled interstitial-free steel sheet. It is demonstrated that commonly adopted
phenomenological hardening laws cannot accurately describe all hardening stages.
An alternative phenomenological hardening model is presented which enables to
disentangle pre- and post-necking hardening behavior. Additionally, the influence
of the yield surface on the identified post-necking hardening behavior is scruti-
nized. The results of the proposed method are compared with the hydraulic bulge
test. Unlike the hydraulic bulge test, the proposed method predicts a decreased
hardening rate in the post-necking regime which might be associated with probing
stage IV hardening. While inconclusive, the discrepancy with the hydraulic bulge
test suggests differential work hardening at large plastic strains.
Keywords Post-necking Strain Hardening · Diffuse Necking · Work hardening ·
Sheet metal · Multiaxial tube expansion test
1 Introduction
Many sheet metal forming operations generate plastic strains beyond the point of
maximum uniform strain determined by a standard tensile test. The optimization
of such forming processes (e.g. deep-drawing and stretch-forming) with the aid
of finite element simulations strongly depends on the accuracy of the identified
parameters governing the adopted material model. Most commercially available
finite element codes use only phenomenological models which are based on the
concept of a yield function and a hardening law. From an industrial point of view,
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the identification strategies for such material models are usually driven by the
amount of experimental effort to obtain a certain level of accuracy. Obviously, the
primary aim in industry is to reduce the time period to bring a new material or
product to market. Programs such as the Materials Genome Initiative (MGI) [1]
have recognized this issue. This work has the potential to make a contribution to
such initiatives because of the following reasons. A method is proposed which ex-
tends the validity of the standard tensile test. This enables to minimize traditional
testing by leveraging an existing material test. The proposed method enhances the
synergy between experiments and computational methods: the proposed method
incorporates and identifies material models which are used in (commercial) finite
element codes.
Conventionally, the flow curve obtained from a uniaxial tensile test in the
rolling direction is used as a reference datum for calculating the stress points
forming the contours of plastic work. Today, the tensile test is for historical reasons
and small experimental effort probably the most widely adopted material test
for sheet metal. The test enables identifying the hardening behavior up to the
point of diffuse necking, at least if standard equipment is used to measure load-
elongation data. Usually the hardening behavior beyond this point is estimated
by extrapolation of the hardening behavior before the point of maximum uniform
elongation. It is well-known that such procedure may yield very different results,
depending on the hardening law which is fitted to the available experimental pre-
necking data.
With the widespread availability of Digital Image Correlation (DIC) it has
become fairly easy to measure the strains within the diffuse neck [2–5]. There are,
however, several ways to use these strain fields to identify the material behavior
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hidden in the post-necking regime. The academic discussion on the problem of
diffuse necking started with the pioneering work of Bridgman [6]. In this early work,
Bridgman distinguished two levels of approximation with respect to the general
problem of diffuse necking in a tensile specimen. The first level of approximation
basically ignores the development of transverse stresses by taking averaged stress
and strain values across the diffuse neck. The pioneering work of Bridgman on a
round bar geometry resulted in a second, more sophisticated level of approximation
which is solely concerned with the distribution of stress and strain across the diffuse
necking. The idea, however, to analytically correct and compensate for necking was
shown to be more difficult for flat specimen with a rectangular cross-section [7].
Bridgman [6] also envisioned a complete solution for the general problem of diffuse
necking. Unlike the approximations, a complete solution is concerned with the
stress and the strain at all points in the plastically flowing tension specimen, and
in particular involves a complete determination of the contour of the specimen at
points remote from the diffuse neck as well as in the neighborhood of the diffuse
neck [6].
Many researchers [2,3,8–13] arrived at such complete solutions to identify the
strain hardening behavior beyond maximum uniform strain. The majority of the
latter non-exhaustive list of references, however, deals with the finite-element based
(FE-based) inverse method. Although the FE-based inverse method has been suc-
cessfully applied in a variety of engineering problems, there are a number of diffi-
culties in applying the strategy to the problem of diffuse necking. From a practical
point of view, the coupling between the experimentally measured quantities (e.g.
strain fields) and the numerically computed response can be a burden. Indeed,
the exact location of the diffuse neck in a standard tensile specimen cannot be
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predicted in advance. As such, special care must be taken to ensure a consistent
comparison between experiment and simulation. Tapered tensile specimens [14]
can be used to experimentally control the location of the diffuse neck. In order
to control the location of the diffuse neck in the numerical simulation, however,
artificial notches are often introduced in the finite element (FE) mesh. Since large
plastic strains can be expected within the diffuse neck, proper mesh management
is of utmost importance to predict the correct necking profile [11]. In the remainder
of this work, large plastic strains refers to the strain level associated with diffuse
necking of ductile sheet metal. Adaptive meshing techniques [8] easily resolve con-
vergence problems, but might affect the accuracy of the necking profile. In general,
it is still an arduous task to build a reliable FE model capable of dealing with the
plastic instability adequately. Moreover, the iterative FE simulations to predict
the plastic instability are usually very time-consuming.
In order to avoid the shortcomings of the FE-based inverse method, some
researchers [2,3,13] have proposed alternative methods based on the so called
complete solution. Coppieters et al. [2] started from the observation that, in a
quasi-static tensile test, the internal work equals the external work. The key point
in this method is that the strain hardening behavior is identified by minimizing
the discrepancy between the internal and the external work in the region where
the diffuse neck develops. This method was later recognized as a special case of
the non-linear Virtual Field Method (VFM) [15] where actual displacement fields
instead of virtual displacement fields are used. The major consequence of using
actual fields instead of virtual fields is expected to be twofold. In the framework
of the non-linear VFM, several virtual fields can be employed at the same loading
point to build up the cost function. This enables to increase the amount of data
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used to evaluate the cost function which in turn improves the identification pro-
cess. Second, the VFM is capable of dealing with noisy experimental data in the
sense that the identified parameters are less dependent on the noise level in the
experimental data. The latter, however, is reported to be less critical in case of
large plastic strains [15].
Rossi and Pierron [13] presented a general VFM-based procedure to extract
the constitutive parameters of a plasticity model at large plastic strains using
3D displacement fields. The method was validated using a simulated post-necking
tensile experiment. Kim et al. [3] recently tackled the problem of diffuse necking
of sheet metal using the non-linear VFM. With respect to the problem of diffuse
necking, these alternative methods [2,3,13] enable to focus on the material behav-
ior rather than on numerical difficulties of the FE model. The latter is important
since the post-necking hardening regime itself entails theoretical and experimental
challenges. Although Sevillano et al.[16] discovered stage IV hardening through
torsion tests on cylindrical specimens more than three decades ago, the hardening
mechanisms associated with this stage in sheet metal are still an ongoing discussion
in physical metallurgy, see e.g. [17].
FE-based inverse methods [8–12] and alternative methods [2,3] were exper-
imentally validated in the pre-necking regime. Experimental validation of these
methods, preferably by an independent material test, however, is much more dif-
ficult in the post-necking regime and is currently lacking. Indeed, from an ex-
perimental point of view it is very challenging to find an independent material
test capable of probing very large strains under uniaxial tension due to plastic
instabilities.
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In this paper, the focus is on the experimental validation of the identification
method presented by Coppieters et al. [2] using the Multiaxial Tube Expansion
Test (MTET) machine developed by Kuwabara and Sugawara [18]. This machine
was used to independently acquire uniaxial strain hardening behavior beyond the
point of maximum uniform strain which is then used to assess the validity of the
method presented in [2]. In the next section this identification strategy is briefly
presented. The latter method is referred to as the Post-Necking Tensile Experiment
(PNTE) in the remainder of this work. The PNTE was used to identify the post-
necking hardening behavior of a cold rolled interstitial-free thin steel sheet. Section
3 introduces this test material along with the experimental details. In section 4,
the results of the PNTE are discussed and a phenomenological hardening model
capable of disentangling and post-necking hardening is proposed. In addition, the
influence of the adopted yield function on the identified strain hardening behavior
in the post-necking regime is scrutinized. Section 5 embarks on the independent
experimental validation of the PNTE using the Uniaxial Tube Expansion Test
(UTET). In addition, the result of the newly proposed hardening model is com-
pared in section 6 with the hardening behavior obtained from a hydraulic bulge
test. Section 7 presents a quantitative analysis of differential work hardening under
equibiaxial tension. Finally, the major conclusions along with future work can be
found in the last section.
2 The Post-Necking Tensile Experiment (PNTE)
The method presented in Coppieters et al. [2] was originally conceived from the
observation that in a quasi-static tensile test the internal work equals the external
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work. As such, the key point in the method is the minimization of the discrepancy
between the internal and the external work in the necking zone during a tensile
test. Consider a homogeneous tensile specimen shown in Figure 1 and assume that
the diffuse neck will develop in the dark shaded region. The external work exerted
on this region of the tensile specimen can be computed as:
Wext =
∫
S
(
∫
ui
fidui)dS (1)
with S the external surface spanned by the points A,B,C and D. fi are the surface
forces acting on S and ui is the displacement field of the surface S. The PNTE is
based on the following assumptions [2]:
– It is assumed that the lines A − B and C −D (see Figure 1) remain straight
during the tensile test.
– It is assumed that the volume V is constant during the tensile test.
– Plane stress conditions prevail in the thin sheet.
Provided that these assumptions are fully fulfilled, the external work Wext can
be computed as:
Wext =
∫
u
Fdu (2)
with F the tensile force measured by the load cell and u the elongation of the dark
shaded area which can be measured by any suitable method. The internal work
reads as:
Wint =
∫
V
(
∫
ij
σijdij)dV (3)
with σij the stress field and ij the strain field. V is the volume of the dark shaded
area in Figure 1.
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Fig. 1 Mesh Fitting Procedure. Subset: the images are compared by means of a correla-
tion window or an image subset, also referred to as a facet. In subset-based DIC, the spatial
resolution in displacements (defined as the smallest distance between two independent mea-
surements) equals the subset size. Step size: the number of pixels over which the subset is
shifted in x- and y- direction in the subset-based algorithm.
The strain field can be derived from the displacement field measured by DIC at
the surface of the specimen. Figure 1 schematically depicts the process to obtain
the strain field from the measured displacement field. Basically, an element mesh
is fitted to the available displacement fields in a two-step process. First, each 4-
node bilinear element is individually fitted to the displacement data. In the final
step, compatibility is enforced by averaging the node displacements (u, v) at nodes
belonging to more than one element. The result is that for each element in the
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mesh the node displacements are known. This allows computing the deformation
gradient F at each Gauss point of the element. Based on the deformation gradient
F the logarithmic Euler-Almansi strain can be computed as:
 = ln(V) (4)
with V the left stretch tensor which can be computed as:
V =
√
F.FT (5)
The yield criterion is conventionally expressed in the local material coordinate
system, therefore the strains must also be expressed in this local material frame.
During plastic deformation, however, rigid body rotations can occur. In order to
express the strains in the co-rotational frame the rotation tensor R needs to be
determined through the left polar decomposition:
F = V.R (6)
where R represents the average material rotation. Finally, the co-rotational local
strain tensor ˆ can be computed as:
ˆ = RT ..R (7)
In order to be able to compute the internal work (Eq.(3)), the stress field asso-
ciated with the strain field ˆ needs to be available. This is done using a stress
update algorithm as commonly used in finite element codes. A discussion on how
such a method can be used with measured displacement fields can be found in Sut-
ton et al. [19]. In this work a more general approach, capable of accommodating
plastic anisotropy, presented by Yoon et al. [20] was adopted. The adopted stress
update algorithm is based on the fully implicit backward Euler algorithm using
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a multi-stage return mapping strategy. The latter avoids convergence problems if
the experimentally measured strain increment is not small enough. The adopted
stress integration algorithm can be applied to non-quadratic yield functions and a
general hardening law:
σeq = f(
pl
eq,p) (8)
where p and pleq are a finite set of unknown hardening parameters and the plastic
equivalent strain, respectively. The function f can be either phenomenological
or can be described by a physics-based model with strong links to dislocation
interaction processes which cause strain hardening in metallic materials (e.g. [21,
22]). Present work is confined to hardening laws expressed by phenomenological
functions f . In [2] the appropriate yield function was assumed to be known a priori
so as to identify the unknown strain hardening behavior. Before scrutinizing the
validity of the latter assumption (see section 4.2), the shape of the yield function
of the test material is determined in section 3.1.
The internal work and the external work can be computed in each point of
the force-elongation curve during the tensile test. The primary aim is then to
identify the set of hardening parameters p by iteratively minimizing the discrep-
ancy between the external work Wext and the internal work Wint. A least squares
cost function which expresses the discrepancy between Wint and Wext can be
constructed:
C(p) =
1
2
Σlj=1
[(
Wint(p)
)
j
−
(
Wext
)
j
]2
(9)
with l the number of measurements and Wint (Eq.(3)) computed as:
Wint = Σ
i=NInc−1
i=0 Σ
j=NEl
j=1 Σ
k=NGP
k=1 Σ
m=3
m=1Σ
n=3
n=1
((
σi+1mn + σ
i
mn
2
(i+1mn−imn)
)
k
)
j
V elj
NGP
(10)
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with NInc the number of strain increments, NEl the number of elements in the
FE mesh, NGP the number of Gauss points per element and V elj the volume of
element j. The iterative procedure of minimizing the cost function (Eq.(9)) can
be effectively dealt with employing a Levenberg-Marquardt algorithm [23].
3 Materials and Experimental Details
3.1 Test material
In the present study a cold rolled interstitial-free steel sheet (SPCD in Japanese
Industrial Standards, JIS) with an initial thickness of 0.65 mm was used. As de-
scribed in the previous section, the PNTE requires the choice of a yield function.
In order to scrutinize the influence of the yield function on the identified post-
necking hardening behavior (see section 4.2), the test material is characterized in
this section. It must be stressed that the material tests reported in this section
are not part of the PNTE which solely requires a tensile test. Additionally, the
accurate characterization of the test material will be used in the discussion on the
identified post-necking hardening phenomena.
Standard tensile tests (JIS 13 B-type) were conducted to determine the work
hardening properties and the r-values under 0◦, 45◦, and 90◦ with respect to the
rolling direction (RD). The values can be found in Table 1. In the material tests
reported in this section, the RD and the Transverse Direction (TD) are aligned
with the x and y axis, respectively. Moreover, the test material was characterized
in the first quadrant of the stress space using two types of biaxial tensile tests.
The cruciform specimen proposed by Kuwabara et al. [24] was used to measure
the plastic material response in biaxial tension in the moderately low strain range
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Table 1 Swift’s hardening law
(
σ = K(0+
pl
eq)
n
)
fitted in a strain range from pleq = 0.002 up
to the maximum uniform strain max . The reported r-values are measured at an engineering
strain eng=0.10.
Tensile direction σ0.2 (MPa) K (MPa) 0 n r max
RD (x) 158 541 0.0036 0.249 1.34 0.248
45◦ 162 550 0.0053 0.262 1.13 0.254
TD (y) 159 535 0.0051 0.260 1.50 0.259
(pleq ≤ 5%). The arms of the cruciform specimen were parallel to the RD and TD
of the as-received material and the normal strain components (x, y) were mea-
sured using uniaxial strain gauges (YFLA-2, Tokyo Sokki Kenkyujo Co.) at the
optimal positions. According to a finite element analysis (FEA) of the cruciform
specimen with the optimal strain measurement position, the stress measurement
error was estimated to be less than 2% [25,26]. The slits in the arms of the cruci-
form specimens were obtained using laser cutting. Further details concerning the
biaxial testing apparatus and the testing method can be found in [24,27].
In order to be able to probe larger plastic strains than attainable in the biaxial
tensile test, the Multiaxial Tube Expansion Test (MTET) was developed [28]. It
has been demonstrated in [18] that the MTET enables applying arbitrary principal
stress or strain paths to a tubular specimen using an electrical, closed-loop servo-
control system for axial force and internal pressure. The specimens for the MTET
were fabricated by a roller bending process resulting in tubular shape with an
inner diameter of 54 mm closed by laser-welding. This process causes a pre-strain,
and, consequently, the experimental stress-strain curves measured from the MTET
must be offset and smoothly connected to those measured using the cruciform
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specimens. More detailed information on the MTET machine and the effect of
pre-strain can be found in section 5 and [18]. Two types of tubular specimens were
fabricated, type I and type II, respectively. Type I had the RD oriented along
the axial direction of the tube and was used for testing under the conditions that
σx < σy. Type II had the RD direction in the circumferential direction and was
used for stress states satisfying σx ≥ σy.
The test material in this study was characterized by subjecting the cruciform
specimens and the tubular specimens to proportional loading with the following
true stress ratios (σx : σy)=4:1,2:1,4:3,1:1,1:2 and 1:4. For the stress ratios (σx :
σy)=1:0 and 0:1 standard uniaxial tensile specimens (JIS 13 B-type) were used. In
all experiments the true stress increments were controlled so that the von Mises
equivalent plastic strain rate was kept constant by approximately 5x10−4s−1.
Next, the concept of the contour of plastic work in the stress space [29] was
adopted to assess the work hardening behavior under biaxial tension. The true
stress-strain curve obtained from a uniaxial tension test along the RD was used as
a reference datum for work hardening. As such, this curve was used to determine
the uniaxial true stress σ0 and the plastic work per unit volume W0 corresponding
to particular values of the reference true plastic strain p0. The uniaxial true stress
σ90 and the biaxial true stress components (σx, σy) obtained from the biaxial
tensile tests were then determined at the same plastic work as W0. Finally, the
stress points (σ0,0), (0,σ90) and (σx, σy) corresponding to a certain value of 
p
0 can
be plotted in the principal stress space resulting in a contour of plastic work.
The contours of plastic work were determined for different levels of p0 up
to p0=0.289 as shown in Figure 2. It must be noted that for the stress ratio
(σx : σy)=1:1 fracture occurred at the weld line of the tubular specimen. To
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cope with this, the work hardening behavior for strains larger than p0=0.13 was
identified using a hydraulic bulge test (see section 6 for more details). Figure
2 also shows the theoretical yield loci based on the von Mises yield function,
Hill’s quadratic yield function [30] and the Yld2000-2d yield function [31] with the
exponents M .
In Figure 3 the work contours are normalized by σ0 associated with a specific value
of p0. This figure reveals that in the majority of the monitored stress states the
contours of plastic work expand with an increase of p0 for 
p
0 ≤ 0.20. The shape of
the work contours remains almost identical for 0.20 < p0 <0.289 which suggests
that isotropic work hardening is valid in this particular strain range.
3.2 The PNTE: Experimental Details
The test material was subjected to the Post-Necking Tensile Experiment (PNTE)
in the RD using a standard tensile specimen (JIS 13 type-B) and a regular tensile
machine (Shimadzu Autograph AG-X plus). The experiment was displacement-
controlled using a constant cross-head speed of 0.05 mm s−1. Figure 4 shows the
experimental set up. The tensile machine was equipped with a DIC system to
capture the displacement fields at the surface of the specimen.
In order to investigate the influence of temperature increase of the specimen
on the proposed identification method (see section 4.3), a thermographic cam-
era (InfRecR300SR) was used to acquire the temperature field at the back of the
specimen. Accordingly, the specimen was painted black on the back side to equal-
ize emissivity for optimal infrared detection. A stereo camera setup (8-bit AVT
STINGRAY F-201B 1/1.8) with a resolution of 1624x1232 pixels2 was used. Both
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Fig. 2 Contours of plastic work for different levels of p0=0.002 (M=5.51), 
p
0=0.03 (M=4.30),
p0=0.1 (M=4.23), 
p
0=0.289 (M=4.28) where M is the exponent of the Yld2000-2d yield func-
tion.
cameras were equipped with a Tamron 12 mm lens. The image resolution was
approximately 0.085 mmpx . The images were synchronized with the tensile force
and consequently each set of pictures corresponds to a different load step. All im-
ages were post-processed using the university DIC code MatchID-3D [32] via the
so called subset-based method. Basically, the method searches for a pixel and its
neighborhood from the initial image in consecutive images. The correlation tech-
nique requires the presence of a random speckle pattern on the specimen that was
applied by combining a white paint surface layer on the object followed by spray-
ing the actual speckle pattern with a black paint. The specimen was degreased
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Fig. 3 Measured stress points forming normalized contours of plastic work. The stress points
are normalized by the uniaxial flow stress σ0 associated with 
p
0.
using acetone before applying the white paint layer. Since large plastic strains can
be expected within a diffuse neck, it is important to avoid a brittle speckle pattern
by aging. This can be avoided by conducting the experiment relatively fast after
applying the speckle pattern. In this study, the test was conducted approximately
1h after applying the speckle pattern. The test was stopped after a 20% drop in
force and no paint flaking off the specimen was observed.
The essential experimental details with respect to DIC measurement are sum-
marized in Table 2. The in-plane displacement resolutions (standard deviation
of the displacement field) were obtained from post-processing a set of two un-
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Fig. 4 Experimental test setup. 1. Regular tensile machine 2. Standard tensile specimen (JIS
13 B-type) 3. Stereo DIC cameras 4. Thermographic camera 5. Additional light.
loaded stationary images. The image noise (standard deviation of the grey level)
was obtained from 20 unloaded stationary images. The monitored zone in which
the diffuse neck developed had an initial length of 40 mm, see Figure 1. The
FE mesh used to compute the strain field from the measured displacement field,
schematically shown in Figure 1, contained 742 elements. The element size was ap-
proximately 0.75 mm x 0.8 mm with the smallest element size in the longitudinal
direction. A consequence of using a subset-based DIC algorithm is that displace-
ment data is only available up to a distance (12 x subset size) away from the edge
of the specimen. Therefore, the elements along the edge are taken larger to guar-
antee a successful element fit. The latter is schematically shown in Figure 1 along
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with the most important DIC parameters. It must be noted that the element size
of the mesh is an important parameter in deriving the strains. Indeed, the fitting
procedure itself is a smoothing operation which acts as a low-pass filter in reducing
the noise. In this study, a local polynomial fit is used whereby its effectiveness is
dependent on the density of the measured displacement data and the element size.
The pre-necking data, readily available from the tensile test was used to tune the
element size. This simple approach allows finding the smallest element size (nec-
essary to capture strain gradients) which still has a sufficient smoothing effect.
Figure 5 shows the load-elongation curve (72 load steps) of the central necking
zone used in the identification procedure. The results are discussed in the next
section.
4 Results
4.1 Identification of the post-necking strain hardening behavior
In this section the PNTE is used to identify the post-necking strain hardening
behavior of the test material. In order to do so, the hardening behavior (Eq.(8))
must be parameterized.
4.1.1 Swift’s and Voce’s hardening law
In [2] two commonly adopted hardening laws were identified through the PNTE,
namely, Swift’s hardening law:
σeq = K(0 + 
pl
eq)
n (11)
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Table 2 Experimental details: Digital Image Correlation.
Matching Parameters
Subset 13 pixels
Subset shape function Affine
Step 1 pixel
Correlation criterion ZNSSD (Zero Normalized Sum of Squared Difference)
Interpolation function Bicubic spline interpolation
Progress history Spatial + update reference
Experimental Details
Measured points 89270
Total number of pictures 700
Frame rate 1 Hz
Noise Camera 0 0.703%
Noise Camera 1 0.823%
Pixel to mm Conversion 1 pixel = 0.085 mm
Displacements
Spatial resolution 1.105 mm
In-plane resolution < U > 0.001487 mm
In-plane resolution < V > 0.001764 mm
and Voce’s hardening law:
σeq = C −me(−k
pl
eq) (12)
Both hardening laws exhibit very distinct behavior. The Swift power law can de-
scribe a monotonic increasing strain hardening behavior while Voce’s law allows for
strain hardening saturation. Unlike Swift’s hardening law, Voce’s hardening law
originates from micro-mechanical considerations associated with stage III harden-
ing [33].
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Fig. 5 Tensile load-elongation curve of the central zone (gauge length: 40 mm, JIS 13 Type-B)
of the test material presented in section 3.1.
Post-necking hardening behavior is commonly estimated by extrapolation of
the hardening behavior before the point of maximum uniform elongation. For this
purpose, Eq.(11) or Eq.(12) is fitted to the available pre-necking data obtained
from a uniaxial tensile test. The fitted hardening law is then used to extrapolate
the strain hardening behavior into the post-uniform regime. The latter method is
referred to as the Extrapolation Method (EM) in the remainder of this work.
Figure 6 shows the fitted hardening laws in the pre-necking regime. Inferable
from this figure is that, for the test material in this study, Swift’s hardening law
allows for a better description than Voce’s hardening law in the pre-necking re-
gion. However, since Swift’s hardening law is a phenomenological law in which
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the parameters bear no physical meaning whatsoever, there is no guarantee that
the extrapolation will be valid beyond the point of maximum uniform strain. On
the other hand, diffuse necking likely involves stage IV hardening (or at least the
transition to stage IV) which Voce’s law cannot describe. Figure 7 shows the ex-
trapolation of the fitted hardening laws (labeled EM Voce and EM Swift) and it is
clear that very different results are found in the post-necking regime (pleq > 0.25)
due to the pre-defined character of the adopted hardening laws. In other words,
extrapolation of the pre-necking data deep into the diffuse necking regime is highly
speculative and depends strongly on the chosen phenomenological hardening law.
The shortcomings of Eq.(11) and Eq.(12) at large plastic strains are confirmed
in several studies [10,11,34–36]. Dunand and Mohr [10] and Mohr et al. [36] found
that Swift’s hardening law cannot properly describe post-necking hardening be-
havior of TRIP steels and AHSS steels, respectively. Tardif and Kyriakides [11]
concluded from their work on Al-6061-T6 that widely used phenomenological hard-
ening laws do not properly describe flow behavior at large plastic strains. Sung et
al.[35] and Lemoine et al. [37] found that a linear combination of commonly used
phenomenological hardening laws yields good results to describe the post-necking
hardening behavior of DP steels and bcc steels, respectively.
Unlike the EM, the PNTE is based on experimental data measured in the
diffuse necking regime. Therefore, the PNTE is deemed more appropriate to iden-
tify the parameters of the phenomenological hardening laws. It can be inferred
from Figure 2 that the Yld2000-2d yield function is the most appropriate material
model for the material under investigation. As such, the post-necking strain hard-
ening is identified by using the Yld2000-2d yield function of which the parameters
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Fig. 6 Phenomenological hardening laws fitted to available pre-necking data obtained from a
tensile test in the RD.
were found by stress state fitting for a reference plastic strain of p0=0.289. The
identified yield locus is shown in Figure 2 and the parameters of the Yld2000-
2d yield function can be found in Table 3. These parameters are kept constant
throughout the identification of the post-necking hardening behavior. The latter
means that potential differential work hardening in the vicinity of the stress ratio
(σx : σy)=1:0 is ignored in this study.
The PNTE was used to identify the hardening parameters in Eq.(11) and
Eq.(12) and the results are shown in Figure 7. In comparison with the results
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Fig. 7 Identified strain hardening behavior of the test material: pre- and post-necking region.
The PNTE results were obtained using Yld2000-2d.
from the EM, it can be inferred that the hardening laws identified by the PNTE
are forced towards each other in the post-necking regime. Indeed, this is not sur-
prising since the PNTE uses the same experimental data over the complete strain
range to identify the hardening laws. They are, however, unable to describe the
same behavior because of their respective pre-defined character. In other words,
the chosen hardening laws are not flexible enough to simultaneously describe all
hardening stages.
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Fig. 8 Identified strain hardening behavior of the test material: pre-necking region. The PNTE
results were obtained using Yld2000-2d
A consequence of identifying these hardening laws over the complete strain
range is that the accuracy of the strain hardening rate in the pre-necking regime
can be affected. Indeed, the parameters of the hardening laws are tuned in such
a way that a global minimum is found. Figure 8 depicts the pre-necking regime
(pleq ≤ 0.25) shown in Figure 7 in more detail. It is inferable that the identified
hardening laws (labeled PNTE Swift and PNTE Voce) deviate from the actual pre-
necking data readily available from the tensile test. This means that the accuracy
of the identification of any phenomenological hardening law depends on its ability
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to describe all hardening stages. This problem can be solved by resorting to a
piece-wise linear hardening model [8,10–12] in which the hardening slope of each
interval needs to be determined. In order to retrieve the hardening curve with
sufficient accuracy, however, a sufficient number of intervals is needed.
Given the improbability of a complete description of all hardening stages by
a single equation, a possibility is to use successive parabolic equations [16]. Sung
et al. [35] and Bui-Van et al. [34] showed that significant improvement can be
achieved by using a linear combination of Eq.(11) and Eq.(12) for DP steel sheet
and bcc steel sheet, respectively. Of course, other equations can be formulated to
pursue closer agreement with the phenomenology of large strain work hardening.
4.1.2 p-model
In this work, the hardening law is iteratively identified by minimizing a cost func-
tion (Eq.(9)). As such, the number of unknown hardening parameters directly
dictates the identification time. Piece-wise linear models [8,10–12] with small in-
tervals and linear combinations of phenomenological hardening laws [34,35] inher-
ently involve a large number of unknown parameters.
In this study, an alternative approach to deal with this problem is presented.
The key point in the proposed method is that the pre-necking data is readily
available from the tensile test, and, consequently, there is no need to identify it.
From Figure 6 it is obvious that Swift’s hardening law accurately describes the
pre-necking hardening of the test material. This freely available information is
used to construct a general hardening law which guarantees that the pre-necking
hardening can be accurately reconstructed. The description is based on successive
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phenomenological equations:
σeq =

K(0 + 
pl
eq)
n if pleq ≤ max
K(0 + max)
n +Q[1− e−p(pleq−max)] if pleq > max
(13)
In this phenomenological hardening model, the parameters K, 0 and n are identi-
fied through the available pre-necking data. max is the maximum uniform strain
obtained in the tensile test, see table 3. As such, the hardening model uses a pre-
necking hardening regime which can be any suitable phenomenological hardening
law, e.g. for low carbon steels Swift’s hardening law gives usually an accurate de-
scription. However, the model switches to a post-necking hardening description
when pleq > max. To achieve a smooth transition between pre-necking harden-
ing rate and post-necking hardening rate, the first derivative of both hardening
regimes at max must be equal. The latter gives rise to the relation between Q and
p:
Q =
Kn(0 + max)
n−1
p
(14)
As a result, the only unknown in the post-necking regime is the parameter p
which enables a computationally efficient identification. Henceforward we refer to
this hardening model as the p-model with p being the post-necking hardening
parameter.
Figure 9 visualizes the effect of p in this hardening model while adopting the
pre-necking hardening parameters K, 0 and n of the test material under inves-
tigation. In accordance with the tensile test, the maximum uniform strain max
was set to be max =0.25. Figure 9 shows that the p-model enables describing
different post-necking hardening rates by using a single parameter p. More im-
portantly, the p-model enables a variety of post-necking hardening behaviors to
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Fig. 9 P-model. Pre-necking region: Swift (K=541, 0=0.0036 and n=0.249). Post-necking
region described by post-necking parameters p=(1,2.5,5,10, 20) and max=0.25.
be described whilst retaining the accuracy in the pre-necking region. If p is small,
Swift-type hardening is retrieved. Voce-type hardening can be simulated using a
large value of the post-necking hardening parameter p. The p-model, however, can
easily describe an intermediate strain hardening rate (see Figure 9, e.g. p=5).
The post-necking parameter p of the test material is identified using the PNTE
and the result (labeled PNTE p-model) is shown in Figure 7. It can be concluded
that the p-model and the earlier identified Voce law (labeled PNTE Voce) predict
a similar behavior in the post-necking regime. Unlike the Voce model, however,
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the p-model accurately describes the pre-necking hardening. Furthermore, it can
be seen that the extrapolated Swift law exhibits very good agreement with the
p-model up to almost pleq=2max ≈ 0.5. Beyond this point, however, the p-model
predicts a decreased hardening rate. Since it is possible that stage IV hardening is
probed during diffuse necking of the thin cold rolled steel, the decrease in strain
hardening rate predicted by the p-model might be linked to this phenomenon.
4.1.3 Discussion
Other researchers [8,10,38] also found a reduction in hardening rate during diffuse
necking in a tensile sheet specimen. Kajberg and Lindkvist [8] studied two hot
rolled sheets (Domex 355 and Domex 650) using a finite-element based inverse
method. The identified piece wise hardening model for these materials showed
almost no strain hardening at high strain levels. Moreover, it was found that a
simple parabolic hardening law could not reproduce this lack of strain hardening.
Dunand and Mohr [10] used a FE-based inverse method along with a piece wise
linear hardening model to retrieve the post-necking hardening of TRIP steel. Their
analysis clearly showed that the hardening modulus reduced from 600 MPa to 100
MPa in the post-necking regime.
Another interesting phenomenon with respect to uniaxial tensile test exper-
iments on ductile sheet metal is that the development of transverse stresses is
usually delayed. Iadicola [38] used a unique experimental setup which enables the
simultaneous measurement of the strain and the stress state within the diffuse
neck using DIC and X-ray diffraction, respectively. From the experiments on high
strength low alloy steel sheet, Iadicola concluded that the onset of transverse stress
is significantly delayed, up to 2max. Additionally, the experiments revealed a sat-
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Table 3 Parameters of the Yld2000-2d yield function obtained through stress state fitting of
the experimental data corresponding to a reference plastic strain 0=0.289.
α1 α2 α3 α4 α5 α6 α7 α8 M
0.6339 1.3875 1.0885 0.8865 0.9419 0.5185 0.9812 1.1281 4.28
uration of the equivalent von Mises stress at large plastic strains. The conclusions
drawn by Iadicola are quantitatively in line with the study of Coppieters [39] on
a mild deep drawing steel. The observation from Figure 7 that Swift’s harden-
ing law yields good results up to almost 2max might find its origin in the latter
phenomenon.
4.2 Influence of the yield surface
The results in the previous section were obtained using the Yld2000-2d yield func-
tion. In [2] it was assumed that an increase in the cost function (Eq.(9)) caused by
an error in the general work hardening law is significantly larger than an increase
caused by an error in the yield criterion. In order to scrutinize this assumption,
the selected yield functions shown in Figure 2 were used to identify the p-model.
The results in the post-necking regime are shown in Figure 10 and it is clear
that the effect of the adopted yield function is marginal for the material under
investigation. It must be noted that the latter conclusion is valid provided that
the PNTE is conducted in the RD. Indeed, it can be inferred from Figure 2 that
when the stress ratio equals roughly (σx : σy)=1:0 the von Mises criterion, Hill’s
quadratic yield function and Yld2000-2d yield function predict the same material
response. As such, in this case the von Mises criterion along with the well-known
radial return mapping algorithm would give satisfactory results.
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Fig. 10 Influence of the yield function on the identified p-model
From a theoretical point of view, however, the stress state in the diffuse neck
approaches plane strain. The latter would imply that a fairly large portion of the
yield surface (up to the stress ratio (σx : σy)=2:1) would be used in the identi-
fication of the strain hardening model. The results shown in Figure 10 therefore
suggest that plane strain is not reached in our experiment. Iadicola [38] found that
the stress ratio in the diffuse neck was limited to (σx : σy) =3:1. Nevertheless, it
must be noted that this conclusion is valid only for the material under investiga-
tion. Other materials can certainly deviate from this behavior as shown by Tardif
and Kyriakides [11]. In their study it was shown that the necking profile of a ten-
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sile specimen (Al6061-T6) depends on the adopted anisotropic yield function. As
a result, their FE-based inverse strategy yielded different post-necking hardening
behavior depending on the chosen yield function. In this regard, it must be noted
that the methods presented by Coppieters et al. [2] and Kim et al.[3] inherently
take the correct necking profile into account.
4.3 Temperature, Strain Rate and Damage
The majority of the methods which focus on identifying post-necking strain hard-
ening behavior do not take strain rate dependency, temperature dependency or
damage evolution into account. The validity of the assumption regarding the strain
rate strongly depends on the experimental strain rate. When uniform straining
ceases the strain rate gradually increases within the diffuse neck. On the other
hand, a portion of the stress power is converted into heat during the tensile test.
This will cause a temperature increase which in turn might alter the material
response.
In this study the strain rate and the temperature increase in the central point of
diffuse neck were simultaneously measured using DIC and a thermographic camera
(see Figure 4), respectively. The evolution of the strain rate and the temperature
increase of the central material point in the diffuse neck are shown in Figure 11. The
maximum strain rate is about 0.02 s−1which is considered to be in the transition
between quasi-static and semi-high loading. The experimental strain rate of most
of the total number of material points taken into account for the identification
(89270 points) of the strain hardening model, however, remains lower than 0.01
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s−1 which is generally considered as quasi-static loading (i.e. 10−2 to 10−3 per
second [40]).
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Fig. 11 Simultaneously measured strain rate and temperature increase at the central point
of the necking zone.
Given that very few material points violate the upper limit of 0.01 s−1, the
impact on the global identified hardening behavior will be small. Clearly, testing
under higher strain rates would require to include the strain-rate as a state variable
in the hardening law.
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From an experimental point of view, however, there are a number of difficulties
associated with extending the PNTE to tensile testing at higher strain rates. In
this regard, the recent work of Yang et al. [41] on low dynamic tensile testing is
very interesting. Yang et al. [41] developed a combined theoretical/experimental
approach for tensile specimen design for reducing ringing in flow data over the low
dynamic range of strain rates (10−5 s−1 ≤ ˙ ≤ 5x102 s−1). Additionally, Yang et
al. [41] propose a method to test the stress equilibrium of the specimen over the
low dynamic range of strain rates. A dedicated image acquisition algorithm [5] will
be mandatory to extend the proposed method to tensile testing at higher strain
rates.
Figure 11 also shows the evolution of the temperature increase. The maximum
temperature increase in the diffuse neck is about 4◦ C. Given this insignificant
temperature increase, it seems acceptable to ignore the combined effects of the
strain rate and temperature increase in this study.
Although internal degradation might be of minor importance for thin mild
steel sheet [42,43], it must be noted that the identified p-model might include a
softening effect which finds its origin in damage evolution.
5 Validation through the uniaxial tube expansion test (UTET)
The PNTE can be easily validated in the pre-necking region as shown in [2], how-
ever, the method has not yet been experimentally validated in the post-necking
regime. This is due to the difficulty in experimentally probing large plastic strains
under uniaxial stress states due to plastic instabilities. In this section the MTET
machine [18] is used to obtain uniaxial strain hardening behavior beyond the max-
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imum uniform strain in a tensile test. The MTET machine can be used to expand
a tubular specimen under uniaxial tension, this material test is referred to as the
Uniaxial Tube Expansion Test (UTET).
Fig. 12 Experimental set up of the uniaxial tube expansion test (UTET).
Figure 12 shows the experimental set up of the UTET. The tubular specimen
is in the center of the picture surrounded by measurement devices to capture the
curvature, the outer diameter and the axial elongation. The right insert schemat-
ically depicts these measurement systems and their relative position with respect
to the tubular specimen. From these measurements the circumferential strain θ,
the axial strain φ and the radius of the axial curvature Rφ are continuously and
simultaneously derived at the mid-section of the expanding tubular specimen. The
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servo-controlled machine enables simultaneously exerting and controlling an axial
load T and internal pressure P to the tubular specimen by a hydraulic cylinder
and a pressure booster, respectively. The axial stress σφ and the circumferential
stress σθ (aligned with the RD) at the mid-section of the bulging specimen can
be calculated as the values of the mid wall using the following equations based on
the equilibrium requirements at the center of the specimen:
σφ =
Ppi(D2 − t)2 + T
pi(D − t)t (15)
σθ =
(Rφ − t)(D − 2t)
(2Rθ − t)t P −
D − t
2Rθ − tσφ (16)
As such, the MTET machine enables continuous measurement of the uniaxial
stress strain curve σθ − θ during the UTET whilst probing large plastic strains
in the mid-section of the tubular specimen. The left insert of Figure 12 shows the
tubular specimen before and after the test.
Figure 13 shows the evolution of the curvature and the circumferential true
plastic strain θ during the UTET. The test relies on a homogenous stress state at
the center of the tube, in this case uniaxial tension in the circumferential direction
(σθ:σφ)=1:0, which is maintained by controlling the internal pressure and the axial
load in a closed-loop control circuit. While the homogeneous stress state prevails
it is possible to analytically derive the stress state in the tubular specimen using
Eq.(16). It was possible to maintain a homogenous stress state up to θ=0.35 true
plastic strain. Beyond this point the tubular specimen began deforming heteroge-
neously as a result of the compressive axial load T. This point corresponds with
the maximum curvature (and θ=0.35) in Figure 13. Beyond this point, the cur-
vature decreases rapidly and eventually becomes negative. This clearly indicates
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a plastic instability due to the compressive axial load T. Therefore the results are
only valid up to the point of maximum curvature.
The result of the UTET must be compensated for the effect of the pre-strain
due to tube fabrication by smoothly connecting the curve with the uniaxial ten-
sile curve [18]. The final result is shown in Figure 14. Compared to the uniaxial
tensile test, the UTET extends the experimental true stress-true strain curve with
approximately 0.1 true plastic strain. As such, the UTET provides experimen-
tal evidence on which the assessment of the PNTE can be based. Figure 14 also
shows the results of the p-model found in the previous section. Clearly, the strain
hardening behavior predicted by the p-model is in very close agreement with the
UTET. As such, the PNTE is successfully validated beyond the point of maximum
uniform strain (max=0.25) up to an equivalent plastic strain of 
pl
eq=0.35 using
an independent experiment.
6 Comparison with the hydraulic bulge test
In the previous section an independent experimental material test (UTET) was
used to validate the PNTE. The UTET yields a uniaxial hardening curve which
can be directly compared with the PNTE up to pleq=0.35. There is, to the authors’
best knowledge, currently no other experimental testing machine available enabling
to exert a uniaxial stress state on a test specimen in a strain range larger than
attainable by the UTET. This clearly hampers the validation of the PNTE at very
large strains. In this regard, the work of Iadicola [38] is very interesting since it
allows to simultaneously measure the stress and strain state in a material point
using DIC and X-ray diffraction, respectively. As shown in [38], the method can be
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Fig. 13 Circumferential true plastic strain and curvature during the uniaxial tube expansion
test.
used to measure the stress and the strain state within the diffuse neck. This method
enables the validation of a hardening law by a discrete number of measurements
during the tensile test. Although there are some numerical difficulties associated
with this technique, it certainly offers a unique opportunity to validate the PNTE.
In this section, the results of the PNTE are compared with those obtained
from a hydraulic bulge test. The bulge test enables probing very large plastic
strains under the equibiaxial stress state provided that the material can be assumed
isotropic. Indeed, the equibiaxial stress strain curve is constructed by averaging
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Fig. 14 Validation of the identified p-model with the uniaxial tube expansion test.
the principal stresses at the dome of the bulge. If in addition isotropic hardening
is assumed, the equibiaxial stress strain curve from the bulge test is scalable to
the uniaxial stress state using the principle of plastic work equivalence. Unlike the
UTET, the result of the bulge test needs to be scaled to the uniaxial stress state
and therefore represents an indirect method to acquire the uniaxial stress strain
curve. Nevertheless, if isotropic hardening is valid, then the scaled bulge curve
should match the hardening curve from the uniaxial tensile test.
The test material was subjected to a hydraulic bulge test up to fracture. The
strains at the dome and the dome height were measured using the commercial DIC
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code ARAMIS according to ISO/FDIS 16808. The diameter of the die opening
was 150 mm with a die radius of 8 mm. The specimen has a diameter of 220 mm and
its material flow-in was restricted using a triangular draw-bead at a diameter of 190
mm. No lubricant was used at the die-sheet interface. The equivalent plastic strain
rate was kept constant at about 10−4 s−1. The strain at the top of the dome was
measured online and used in a feedback control circuit using IV IEW (application
software attached to ARAMIS). The experimentally obtained equibiaxial curve
was then scaled with a constant factor equal to 1.12 and this is referred to as the
scaled bulge test. The calculation of this factor is based on the principle of work
equivalence and details can be found in ISO/FDIS 16808. First, the plastic work at
the maximum uniform strain W plmax in the uniaxial tensile test (RD) is calculated.
Next, the equibiaxial stress corresponding to the calculated plastic work W plmax is
determined. The scaling factor is then calculated as the fixed ratio between the
equibiaxial stress and uniaxial stress in the RD at the calculated plastic work.
Figure 15 shows the scaled bulge test curve along with the extrapolated pre-
necking data (labeled EM Swift) and the p-model identified through the PNTE.
Inferable from this figure is that in the pre-necking region the scaled bulge test is in
close agreement with the other results obtained through a uniaxial tensile test. The
latter confirms the validity of hypothesis regarding isotropic hardening. In fact,
this is not surprising since this behavior was previously observed by analyzing the
normalized work contours, see Figure 3.
The p-model identified in this paper and the scaled bulge test are in close
agreement up to pleq ≈ 0.5, but a significant discrepancy is found at larger plastic
strains. The key observation from Figure 15 is that the p-model predicts a de-
creased strain hardening rate at large plastic strain as opposed to the equibiaxial
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stress strain curve. While not conclusive, this result suggests that post-necking
strain hardening behavior depends on the stress state which implies thus that
isotropic hardening is no longer valid. Although other researchers also found a
strong decrease in the strain hardening rate in the post-necking regime (see sec-
tion 4.1.3), direct and independent experimental validation of this observation is
currently lacking.
Finally, it must be noted that there are limitations of the membrane theory in
the analysis of the hydraulic bulge test [37] which might bias the equibiaxial stress
strain curve at very large strains. On the other hand, the PNTE might be liable
to measurement errors and phenomena not accounted for in this study. In order
to settle the question of which is the more representative post-necking hardening
behavior, more experimental work is needed.
7 Evaluation of differential work hardening
Differential work hardening can be quantitatively evaluated by analyzing the shape
ratio of the work contours [18]. The shape ratio in this work is defined as αα0 , where
α0 is the distance between the origin in the principal stress space and a stress point
that forms the work contour for 0=0.002 and α is the distance between the origin
in the principal stress space and a stress point that forms a work contour for a
particular value of 0 > 0.002. Expansion and contraction of the work contour is
described by the value of the shape ratio, αα0 > 1 and
α
α0
< 1, respectively. The
concept of the shape ratio is schematically shown by the insert of Figure 16. In
order to construct the shape ratio evolution in a certain stress state, the work
contours must be normalized by the reference flow stress σ0 obtained through a
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Fig. 15 Validation of the identified p-model with the hydraulic bulge test.
standard tensile test in the RD. The work contours associated with a reference true
plastic strain pl0 larger than the maximum uniform strain max are conventionally
normalized by an extrapolated value (using the EM) of the uniaxial flow stress σ0.
In this work, however, the uniaxial flow stress σ0 was identified based on exper-
imental measurements. Assuming that the identified hardening behavior is correct,
the impact of the identified hardening curve on the computation of shape ratio evo-
lution can be studied. Since in this work strain hardening behavior under uniaxial
and equibiaxial tension was acquired, the shape ratio evolution for the equibiaxial
stress state (σx : σy)=1:1 can be computed. The shape ratio was computed using
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two different reference flow curves: the extrapolated Swift law and the proposed
p-model labeled EM Swift and PNTE p-model in Figure 15, respectively. The evo-
=1:1
Fig. 16 Variation of the shape ratio α
α0
, with pl0 for linear stress path under equibiaxial stress
state (σx : σy)=1:1.
lution of the shape ratio based on these reference curves is shown in Figure 16.
Since the reference curves are identical up to a value of pleq ≈ 0.35, the shape ra-
tios are naturally the same. The equibiaxial stress state is characterized by a steep
increase of the shape ratio up to a plastic equivalent strain of pleq = 0.2 . Beyond
this value the shape ratio calculated using the extrapolated Swift law (labeled EM
Swift) decreases and appears to converge towards a stable value. If, however, the
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proposed p-model is used as a reference curve for σ0, then an opposite behavior is
found: the shape ratio increases, suggesting that the work contour further expands
during post-necking deformation in the equibiaxial direction.
8 Conclusions and future work
This study presents and validates an alternative method for efficiently identify-
ing the post-necking strain hardening behavior of sheet metal through a standard
tensile test. The identification method is based on the complete solution of the
diffuse necking problem which takes the material state and the shape of the whole
deforming specimen into account. It was demonstrated that commonly used phe-
nomenological hardening laws cannot accurately describe all hardening stages.
Therefore, an alternative hardening model capable of disentangling pre- and post-
necking hardening is proposed. This model is used to determine the post-necking
hardening behavior of a cold rolled interstitial-free steel sheet. The influence of the
chosen yield criterion on the identified hardening behavior is shown to be marginal
for the material under investigation.
The results are experimentally validated beyond the point of maximum uniform
strain using the uniaxial tube expansion test. This independent material test ex-
hibited good agreement with the proposed method. Comparison with the hydraulic
bulge test, however, revealed discrepancies deep into the post-necking regime. Un-
like the bulge test, the proposed method predicts a decreased hardening rate in
the post-necking regime which is possibly linked to probing stage IV hardening.
While inconclusive, the latter observation suggests differential work hardening at
large plastic strains. Although this phenomenon was observed in other studies,
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independent experimental validation in this strain range is currently lacking. In
order to cope with this lacuna, the stress and the strain state in the diffuse neck
will be simultaneously measured using X-ray diffraction and DIC, respectively.
Work concerning these issues is conducted and the results will be published in a
forthcoming paper. Future work will embark on the validation and identification
of physics-based hardening models [21,22] using the presented method.
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